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ABSTRACT
This thesis attempts to determine the effect of air bubbles that 
are entrapped into the surface layers of the ocean by breaking waves 
on gas concentrations in the ocean and gas exchange across the air-sea 
interface. and Ar data gathered during the Hudson-70 expedition 
produced indications of the magnitude and nature of the effect. A 
mathematical model is developed that equates the input of gas via 
bubble solution with the vertical eddy diffusion. Published values for 
bubble spectra axijl solution rates are used and assumptions are made 
concerning the effect of wind on bubble spectra. The model predicts 
a subsurface maximum in less soluble gases such as N„. A re-examination 
of the Hudson-70 <%»ta and additional data collected from the offshore 
oil rig SEDNETH-1 partially confirm the predictions of the model.
This work has serious implications on present conceptions of gas 
exchange mechanisms. The Lewis-Whitman Laminar Layer theory does not 
adequately explain observed gas exchange rates and their wind 
dependence. More knowledge of the ambient bubble spectra at various 
wind speeds and depths is needed to allow further work on theoretical 
predictions of bubble effects on gas exchange and gas concentrations.
vi
DEFINITIONS OF ABBREVIATIONS AND SYMBOLS
A defined boundary gas concentration (cm3gas/L HgO)
a proportionality coefficient
Ar argon concentration (cm3Ar/L or kg HgO)
Ar* argon saturation concentration
C concentration of any gas
C' saturation concentration of any gas
d laminar layer thickness (cm)
Kfa horizontal eddy diffusivity coefficient (cm^/sec) 
Kz vertical eddy diffusivity coefficient (cm^/sec)
L mixed layer depth (m)
n number of moles (moles)
Ng nitrogen concentration (cm^N^/L or kg HgO)
Ng' nitrogen saturation concentration .
N(r3U3z) frequency of bubbles of radius r, in wind speed U, at depth z 
p pressure of gas within an air bubble 
po partial pressure of gas in the bulk water 
r radius of an air bubble
R gas constant
S(x3y3z) source strength of bubble solution
S(z) simplified source strength
SP/oo salinity
t time
T absolute temperature .
U wind speed
V volume
x3y3z Cartesian coordinates, z positive down
I
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DEFINITIONS OF ABBREVIATIONS AND SYMBOLS (cont.) 
u,vtw advective velocities in , and a directions respectively 
A diffusion constant of air in water
AAr saturation anomaly of argon (Ar/Ar'-l)100%
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This thesis is an attempt to define the role of bubbles in gas 
exchange across the air-sea interface and in the control of gas con­
centrations in both surface and deeper waters of the ocean. Initially 
data from Cruise Hudson-70 of the Ç.S..S. Hudson are presented. These 
data show how nitrogen concentrations and relative argon concentrations 
are distributed in surface and deep waters, and how gas concentrations 
in the surface layer are unusually variable. After examining these data .
a literature review follows which summarizes other research concerning 
gas exchange and gas concentrations. 
Hudson-70 Data
On the Atlantic section of Hudson-70 the dissolved nitrogen (Ng) 
and relative amounts of argon (Ar) of the water was determined (see 
Appendices A and B for the analytical method and data, respectively).
The concentration of a dissolved gas, i.e. Ng, is expressed as either 
ml STP/kg or /L(20°C). The saturated concentration, Ng', is the gas 
concentration a parcel of water would have if it were brought to the 
surface and equilibrated with a standard atmosphere of water saturated 
air. The water would have the in situ salinity and potential temperature. 
The saturation anomaly, ANg, is ANg = (Ng/Ng'-l)100%: the percent i
deviation of the measured gas concentration from the saturation concen­
tration, Ng'. All calculations are based on the equations of Weiss (1970).
To demonstrate the characteristic difference between the waters of
the mixed layer and those from deeper in the ocean, the data from deep 
waters will be discussed first. Vertical profiles of the data 
shown in Figure l.la-g. Although there are some deviations of 





Figure l.la-gs N% profiles from the South Atlantic. Station numbers 
are indicated on each figure. See Appendix B for more information.
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Figure 1.2: N2 vs. 6 . Filled circles represent observed N2 concentrations 
at depths > 150m. Solid line indicates ’ for the appropriate salinity 





are analytically significant but no clear trend seems evident, suggesting 
random deviation due to sampling, analysis, or in the actual N? values. 
To determine whether there are any significant N? deviations in terms of 
water masses the data are plotted as a function of potential temperature 
(Figure 1.2). From 0 to 1°C and 3 to 5°C there is a tendency towards 
undersaturation and from -1 to 0°C and 1 to 3°C water tends to be 
slightly oversaturated, but the deviations are not significant.
To obtain a better estimate of the AN? characteristics in each 
water mass, a AN? "°8* frequency histogram is used. These histograms 
are shown in Figure 1.3a-c and the results are summarized in the following 
table:
Water Mass Average AN? Range Standard 
Deviation
All Surface Waters (z<10m) -0.17% 16% 3.4%
South Atlantic Central Water -0.48% 6% 1.3%
Antarctic Intermediate Water -1.42% 10% 3.0%
North Atlantic Deep Water +0.32% 8% 1.9%
Antarctic Bottom Water -0.04% 12% 2.2%
All Waters -0.53% 16% 2.6%
There are several points from station 22 (see Appendix B) that may be 
Antarctic Circumpolar Water but are included as Antarctic Intermediate 
Water. Note that all water masses except Antarctic Intermediate Water 
average within 0.5% of N?'. Since the analytical accuracy is circa 
0.5% it must be concluded that these water masses are within 0.5% of 
saturation. The significant undersaturation of Antarctic Intermediate 
Water could be attributed to reduced barometric pressure in the area of 
formation. Antarctic Intermediate Water is affected greatly by mixing,
13
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but this should lead to apparent oversaturation, not the observed 
undersaturation. Reduced barometric pressure seems the only reasonable 
explanation. A pressure of 995mb during water mass formation would 
account for the undersaturation, and this is the approximate pressure . 
at the Antarctic Convergence during the winter.
The histograms also reveal that although most of the water masses 
have no significant deviation from calculated saturations, the range 
and standard deviation of the ANg values are quite large. They are 
especially large considering the analytical precision is circa 0.5%.
Both the vertical profiles and histograms show the surface waters to 
vary about saturation more than any other water (range 16% and standard 
deviation 3.4%). In surface waters it is more important to consider Ng 
at individual stations since the variation with depth may be important 
in the identification of continuing processes. The vertical profiles of 
Ng in the upper 10m (Figure 1.4) show that Ng seldom equals Ng', but ‘ 
the histogram for surface waters (Figure 1.3a) show the average is nearly ‘ 
equal to Ng'. The existence of these large variations in a supposedly 
"well mixed" water column is not consistent with the conventional concept 
of gas exchange, which will be discussed in the fourth section (Discussion).
These data show there are significant departures of N from N '* 2
in surface waters and these variations cause a significant scatter of N% 
in deeper waters. It is known that many near surface processes cause 
variations in surface gas concentrations ; barometric pressure, air-sea 
temperature differences, relative humidity, and sea state are most 
important. Air-sea temperature differences are seldom significant in 
the open ocean, and the relative humidity always approaches 100% at the 
sea surface. Barometric pressure can cause changes of up to 0.6ml/L in
18
Figure 1.4: Near-surface N^ profiles. Filled circle - N2, solid 















the extreme case (Carritt, 1954). Thus it could cause the variations 
observed, but it is doubtful if barometric pressure alone could cause 
the small scale variability that has been observed. Sea state and bubbles 
specifically have been mentioned in the literature as a participant in 
the control of gas concentrations in the mixed layer. It is probable 
that bubbles cause the large departures from N%' shown in Figure 1.4. 
Literature Review
Although there have been few measurements of air-sea gas exchange, 
nearly all reports on such measurements point out the possible participation 
of bubbles; Redfield (1948) calculated gas exchange coefficients for the 
Gulf of Maine and feels that the seasonal variation in the gas exchange 
coefficient could be explained by "waves, spindrift, and the bubbles". 
In his summary of gas exchange measurements in tanks, Kanwisher (1963) 
mentions that bubbles must be important in gas exchange and he stresses 
the need to know the volume flux of bubbles under various sea conditions. 
There have been several experimental "tank" measurements of gas exchange 
coefficients; there is a revealing difference between these experimental 
measurements and coefficients measured (often very indirectly) in the ocean. 
Schink et al (1970) summarized the experimental and oceanic measurements; 
the higher gas exchange coefficients were attained in natural conditions. 
The one characteristic definitely missing from experimental measurements 
is the large breaking wave with resultant bubble production.
Measurements of oceanic gas concentrations have led to speculation and, 
recently, to some definite evidence for gas concentration control by bubble 
solution. Benson and Parker (1961) felt that, although their N /Ar data 2 
were very close to Ng'/Ar', "...it is interesting to note that the 
experimental curve [Ng/ArJ lies above the theoretical curve [Ng'/Ar'l at 
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high temperatures where most surface waters are represented. This would 
be expected if trapping of air bubbles from surface turbulence were 
significant.” Bieri (1971), and Craig and Weiss (1971) presented values 
of up to 10% for the amount of air injected into the water by bubble 
solution.
After reviewing some of the literature it seems that, although 
bubbles are assumed to exert partial control over gas concentrations .
and gas exchange, very little effort is being made to investigate the 
surface layer where the processes can be observed. If a mathematical 
model of bubble solution can be produced, its solution will predict 
the distribution of dissolved gases in the mixed layer. If the pre­
diction bears some resemblance to the observed concentrations the math­
ematical model can be assumed to depict correctly some of the active 
processes
22
DEVELOPMENT OF A MATHEMATICAL MODEL 
The Distribution of Variables
The production of bubbles by breaking waves and the presence of 
bubbles in the upper few meters of the ocean is a fact accepted by 
anyone who has had the opportunity to be at sea. In a stormy sea the 
position of a breaking wave is marked for minutes by a greenish-blue 
patch of bubble laden water contrasted against the normal oceanic blue. 
As the wind speed rises the sea surface becomes increasingly covered with 
foam patches until, during hurricane conditions, the sea surface be­
comes indefinable because of the confusion of breaking waves, bubbles, 
and spray. Bubbles produced by a breaking wave are carried down the 
water column to a depth equal to 2 to 3 times the wave height. On the 
average, especially at higher wind speed and a higher density of breaking 
waves, the bubble size-frequency spectrum at a given locality in the 
water column will remain constant, even though bubbles are constantly 
passing through the given locality. Under normal circumstances these 
bubbles will go into solution because of hydrostatic pressure, and therefore, 
they represent a source of dissolved gas distributed throughout the water ’ 
column. '
The distribution of a dissolved gas can be described by the equation 
for the distribution of variables (Sverdrup, Fleming, and Johnson, 1942) 
which is written here in the expanded form:
£ - +++ u-1) 
where u, v, and w represent the water velocity in the x, y, and z 
directions, and Kg are the horizontal and vertical eddy diffusivities. 
This equation describes the local time rate of change of the concentration
C of a gas whose concentration is changed by advection, diffusion, and 
the solution of bubbles at rate S(x3ytz), To solve this equation as it 
stands it is necessary to know how u, V, K&, and S vary in space and 
time. It is assumed that if conditions are uniform over a sufficiently 
large area, horizontal gradients in the gas field and source strength, S, 
are negligible. Further, since the region of interest is the wind mixed 
layer, it is assumed that vertical turbulence dominates vertical advection. 
The above simplifications are physically reasonable since one would 
expect vertical processes to dominate in gas transport mechanisms near 
the sea surface. With these assumptions the equation reduces to
at = (2-2)
To simplify even further it is assumed that the system is in a steady 
state. This assumption depends on the time scale of the changes in sea 
surface characteristics. Under conditions of steady wind, steady state is 
no doubt reached. As the rate of change of wind speed increases, the 
validity of the steady state assumption decreases. In most cases at 
sea the wind is steady for periods on the order of 4 to 12 hours (ignoring 
trade wind areas). Data from SEDNETH-1 (see RESULTS) indicates the mixed 
surface layer can readjust to a change in conditions over a period of 
a few hours.
It will be assumed that Ka is independent of depth in the mixed 
layer. It could be assumed that K% decreased as some function of depth 
but this would needlessly complicate the model during these initial 
steps. The effect of a depth dependent Kg will be discussed later. 
The equation now is reduced to
24
Gas introduced into the water column by the depth dependent solution of 
bubbles is held in steady state by vertical diffusion. For development 
of this model it is assumed that air consists of only one gas. 
Spectra arid Solution Rates of Bubbles
The nonconservative term, S(z), expresses the flux of gas into a 
particular parcel of water because of bubble solution. This term is a 
function of not only depth but wind speed also. Because of recent 
advancements in underwater acoustical research, limited data are available 
on the size-frequency relationship of bubbles in the surface layer of 
the ocean; unfortunately, acoustical methods are not reliable at high 
bubble populations and no measurements have been made above sea state 2 
(wind speed U ■ 3m/sec). Medwin (1965, 1970) used both attenuation and 
backscattering techniques to measure spectra of bubbles in an isothermal 
oceanic surface layer during sea state 2. His observations correspond 
closely to the results of wind tank experiments by Glotov, Koloboev, and 
Neuimin (1962) and the visual observations of bubble spectra by Blanchard 
and Woodcock (1957). Figure 2.1 shows a typical oceanic bubble spectrum 
(adapted from Medwin 1970, Figure 6); the maximum frequency at circa 0.01cm 
is a result of the high solution rate of small bubbles and the high 
buoyancy of larger bubbles. N(r,Utz) refers to the number of bubbles of 
radius r, during wind speed U, at depth z. The radius bandwidth, dr, 
is 0.0001cm (1 micron). 1
Depth Dependence of Bubble Spectra
Schulkin (1969) used the following equation as an estimate of the 
depth dependence of bubble spectra:
N(rtUtz) = 1V(rtU»l)(l - z/L)%(l + z/ll^z”* (2.4)
where z is the depth in yards and N(rtUtl) is the frequency of bubbles
25
Figure 2.1: Medwin * s IV(ri3,3) size-frequency bubble spectrum and the 
calculated surface spectrum.



































of radius r at the "Surface" (z ■ lyd). For dimensional correctness
is understood to mean (s/lyd)-^. According to Schulkin the (1 - z/L)% 
term represents the mixing property of the isothermal layer, z-î$ is the 
natural decay of bubble frequency with depth, and (1 + z/ll)% is the 
contribution of deeper nonsurface bubble sources or bubbles released in 
air saturated water by decompression at the crests of internal waves. 
The actual importance of the latter process in bubble production is 
unknown; however, the (1 + z/ll)% term makes a relatively small . 
contribution to N(riUJz) and will be retained for completeness. The 
2"^ term creates a problem because as z approaches 0 from 1, z~% 
approaches infinity. This could be avoided by using e~z but for the 
sake of using Schulkin1s complete formula z~% will be retained. It
must be remembered that the surface refers to Im or lyd. For the purposes 
of the study it is assumed that meters and yards are equivalent in (2.4). 
Equation (2.4) is shown in Figure 2.2 for a mixed layer depth of 10 and 
20m. Bubble frequency is expressed as a fraction of the frequency at Im. 
There is a rapid drop of bubble population in the first 5m, then a more 
gradual decrease to the bottom of the mixed layer.
Calculations of Surface Bubble Spectra
The only data of any use in calculating surface bubble spectra are 
from Medwin's paper (1970, Figure 6). These data are from sea state 2 
(U = 3m/sec) and a depth of 10ft (2 - 3m). Using (2.4) and a mixed layer 
depth of 10m (L = 10m) Medwin's data are converted to a U = 3 surface ' 
spectrum by the following calculation:
U(r,U,l) = N(r,333) (1 - z/10)~^(l + z/lV^z’* = 2.0N(r,3t3) (2.5) 
The results of this calculation are shown in Figure 2.1 and Table 2.1. 
Changing the mixed layer depth L changes the ratio N(r,3,l)/N(r,3, 3)
28















Table. 2.1: Surface bubble spectra, U(ra3tl)dr calculated from 
Medwin's N(ra3t3) spectra (Medwin 1970, Figure 6). 








































only slightly. For example if L «■ 20m, N(r,3sl) = 1.8N(rt3t3), a 
10% change.
Wind Dependence of Bubble Spectra
Schulkin (1969) found that the sound energy transmitted in the mixed 
layer is increasingly attenuated with rising wind and he attributed much 
of the attenuation to bubbles. Glotov et al (1962) felt that the number 
of bubbles increased exponentially with wind speed during his tank 
experiments, while other lines of evidence would justify the use of a 
square extrapolation to estimate the increase of bubble frequency with 
wind speed. For example, it is well known that wind stress increases with 
approximately the square of the wind speed, and Kanwisher (1963) and 
Downing and Truesdale (1965) found gas exchange rates to increase with the 
square of the wind speed.
To calculate the surface bubble spectra for wind speeds other than 
3m/sec a square law is used:
N(r,U,l) = aUs (2.6)
where a is a radius dependent proportionality coefficient. No doubt a 
is some function of wind speed: at higher wind speeds large bubbles 
stay in suspension longer because of increased turbulence overcoming 
buoyancy forces. The relationship is not known and will have to be 
ignored in this study, a is calculated for each radius at U = 3, then 
used to calculate N(r3U3l) for various values of U. That is
a = N(r,33l)/32 & N(r,U3l) = N(rt33l)U2/32 (2.7)
The resultant wind dependent surface spectra are presented in Table 2.2. 
Solution Rate of Bubbles
Bubble solution rates are quite well known and the following 
derivations are. from Wyman et al (1952) and Blanchard and Woodcock (1957).
32
N(rtU,l)drt number/m3 with dr = .0001cm
Table 2.2s Calculated surface bubble spectra for various wind speeds.
Radius




25 30 35 40
.0045 110 440 990 1760 2750 3960 5390 7040
.0050 220 880 1980 3520 5500 7920 10780 14080
.0055 825 3300 7425 13200 20625 29700 40425 52800
.0060 1650 6600 14850 26400 41250 59400 80850 105600
.0065 3850 15400 34650 61600 96250 138600 188650 246400
.0070 4950 19800 44550 79200 123750 178200 242550 316800
.0075 6050 24200 54450 96800 151250 217800 296450 387200
.0080 6600 26400 59400 105600 165000 237600 323400 422400
.0085 7150 28600 64350 114400 178750 257400 350350 457600
.0090 7150 28600 64350 114400 178750 257400 350350 457600
.0095 6600 26400 59400 105600 165000 237600 323400 422400
.0100 5500 22000 49500 88000 137500 198000 269500 352000
.0105 5500 22000 49500 88000 137500 198000 269500 352000
.0110 5389 21556 48500 86222 134722 194000 264056 344889
.0115 5389 21556 48500 86222 134722 194000 264056 344889
.0120 4400 17600 39600 70400 110000 158400 215600 281600
.0125 3300 13200 29700 52800 82500 118800 161700 211200
.0130 2722 10889 24500 43556 68056 98000 133389 174222
.0135 2475 9900 22275 39600 61875 89100 121275 158400
.0140 2200 8800 19800 35200 55000 79200 107800 140800
.0145 1925 7700 17325 30800 48125 69300 94325 123200
.0150 1650 6600 14850 26400 41250 59400 80850 105600
.0155 1594 6378 14350 25511 39861 57400 78128 102044
.0160 1211 4844 10900 19378 30278 43600 59344 77511
.0165 1100 4400 9900 17600 27500 39600 53900 70400
.0170 825 3300 7425 13200 20625 29700 40425 52800
.0175 661 2644 5950 10578 16528 23800 32394 42311
.0180 606 2422 5450 9689 15139 21800 29672 38756
.0185 494 1978 4450 7911 12361 17800 24228 31644
.0190 439 1756 3950 7022 10972 15800 21506 28089
.0195 331 1322 2975 5289 8264 11900 16197 21156
.0200 275 1100 2475 4400 6875 9900 13475 17600
.0205 219 878 1975 3511 5486 7900 10753 14044
.0210 186 744 1675 2978 4653 6700 9119 11911
.0215 164 656 1475 2622 4097 5900 8031 10489
.0220 111 444 1000 1778 2778 4000 5444 7111
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According to the general gas law:
n = 4-n^p/3RT (2.8)
where n is the number of moles of gas in the bubble, R is the gas 
constant, T is the absolute temperature, r is the bubble radius, and
p is the pressure within the bubble. If the surface tension is included, 
as it should be, the pressure in the bubble will be atmospheric pressure 
plus hydrostatic pressure plus 2y/r, the pressure because of surface 
tension. According to Fick's law of diffusion
~ = -4ônï^(p - Po + 2y/r) (2.9)
where 2-y/r , the pressure due to surface tension is included; pQ is 
the partial pressure of air in the bulk water; and 6 is a constant 
defined by As where A is the diffusion constant of air in water; s 
d
the solubility of air in water and d is the shell thickness of water 
around the bubble across which the diffusion gradient occurs. Differ­
entiating (2.8) with respect to time and then equating that with (2.9) 
and substituting dV/dt for dr/dt the following equation is obtained:
= -126RTitr^ [rfp - pQ) + 2y)/(3pr f 4y)] (2.10)
Using the value RT = 2.4 x 10^cm^atm/mole, y - 76 x 10~6atm cm,
6 = 5 x 10*9mole/cm2sec atm (Wyman et al, 1952) and letting p = 1 + (z/10) , 
equation (2.10) reduces to
+4.52*10~3[l - p0 + 2(76*10'6/r) + z/10]/[3(l + z/10) + 4(76*10~6)] (2.11)
The sign was changed to denote input of gas to the water column. pQ will 
normally be near 1 atmosphere, indicating that the water is saturated.
34
Source Strength Calculation
The source strength, S(z), at each depth is
8(a) = î$Sr) N(raU,a)dr (2.12)
To apply this integral to the data derived from Medwin's observations 




N(r,Usz) is calculated using (2,4) and data from Table 2.2. The summation 
is from .0045 to .02cm. Since Table 2.2 is calculated for dr = ,0001cm 
at .0005cm intervals, the 5 is placed in (2.13), (dV/dt) is calculated 
using equation (2.11). Figure 2.3 shows the results of these calculations 
for L => 20 and U = 10,20,30 and 40. Between 0 and Im S(z) cannot be 
calculated because, as mentioned earlier, the depth distribution equation 
(2.4) goes to infinity between 1 and 0.
Intuitively the source strength must be very near zero at the surface 
since the bubble solution rate dV/dt as calculated by equation (2.11) 
is near zero at z = 0. Therefore S(z) is extrapolated from 8(1) to 
8(0) - 0. The most obvious result is the subsurface maximum in the 
source strength. This results from the solution rate increasing faster 
with depth than the bubble population decreases.
Steady State Balance and Boundary Conditions
Recalling equation (2,3)
= -S(z) (2.3)
which has the general solution
C(z) = Jf^>(a)da + Cja + Cg (2,14)
35
Figure 2.3:  Source strength of bubble solution vs. depth at various
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The coefficients of integration must be determined by two boundary 
conditions. The first and most obvious one is that at the bottom of the 
mixed layer the gas concentration is unaffected by bubble solution and 
has a concentration A, C(L) = A, This is saying in effect that if the 
water column were mixed to a depth L and there were no bubbles present 
the gas concentration would be A throughout that column. A would represent 
the saturated concentration. If bubbles were present they would have no 
effect at depth L so C(L) would still equal A. At the very surface of 
the mixed layer, or very near Z » 0a C(0) would be very near A also.
This is because gas introduced into the water column at various depths 
because of bubble solution would be diffusing out of the water column in 
an attempt to maintain a steady state. At the very surface the gradient of 
gas concentration must be such that the concentration in the very surface 
water is in equilibrium with the atmosphere. Thus C(0) = A also. It 
could be argued that the C(0) value would increase with wind speed.
No doubt it does to some degree ; however, at this stage of the model 
the wind dependency of CfO) will have to be ignored.
These conditions imply a diffusive flux upward through the air-sea 
interface and downward out of the mixed layer. The flux downward would be 
complicated because of the concentration gradient present due to cooler 
waters below the mixed layer. !
Numerical Solution
With S(z) known (2.14) can be solved for C(z) by using a standard 
numerical integration. Three parameters, L, Kg, and U determine the 
characteristics of C(z). In the following discussion C(z) will refer to 
the results of equation (2.14) minus Cg. Or, C(b) is the predicted 
concentration in excess of the saturated concentration A. Figure 2.4 
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shows the variation of C(z) caused by a variable mixed layer depth; . 
the source distribution, S(z), is dependent on the mixed layer depth, L. 
It is clear that the maximum depth of C(z) is near L/2, in contrast to 
the maximum source strength depth of L/4. C(z) shows an amplitude of 
0.2 to 2ml/L. Figure 2.5 shows the effect of a variable wind speed at 
2 constant L and K.%. yhe amplitude of C(z) increases proportional to U 
and the depth of maximum C(z) is constant. The effect of changing K% 
is shown in Figure 2.6. As expected, the gradients increase to compensate 
for smaller K% values and the amplitude of C(z) increases with decreasing K .
Although no attempt will be made in this thesis to examine such, the 
effect of a depth dependent can be seen intuitively. If K% decreased 
with depth, as would be expected, the effect would be to increase the 
amplitude and increase the concentration gradients in the deeper part 
of the water column relative to the surface.
Effect of Differing Gas Solubilities
The bubble solution model has up to now assumed that bubbles 
contain only one gas; this is of course not true, but for purposes of 
developing the model it was a reasonable assumption. The initial 
composition of the gas mixture in a bubble is essentially that of air 
(78%Ng, 21%O2, 0.98%Ar) but because of differing solubilities some gases 
will diffuse out of the bubble faster than other gases. Therefore, 
with time, the less soluble gases will become concentrated in the bubble. 
Argon is much more soluble in water than N2; Ar makes up 1% of the total 
gas in air compared to circa 2% in water. Therefore, a bubble will 
become enriched with Ng relative to the original composition; this 
phenomena has been observed experimentally by Wyman et al (1951).
Since the depth of a bubble in the water column is related to the time
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Figure 2.4:  Calculated concentration vs. depth at various mixed layer 







Figure 2.5:  Calculated concentration vs. depth at various wind speeds.


























Figure 2.6:  Calculated concentration vs, depth at various vertical 
eddy diffusivities. L - 20m, U - 20m/sec.




it has been in the water, deeper bubbles will have relatively more N^ 
than shallower bubbles. This will result in a differential input of N^ 
and Ar, resulting in proportionally less Ar being transported to depth 
by bubbles. Deeper water samples, because of the solution of Ng enriched 
bubbles, should reflect this by having higher Ng/Ar values than surface 
samples. For the same reason near surface Ar values may be higher than 
the deeper values. 
Hypothesis
Bubbles are present throughout the mixed layer of the ocean in 
numbers and sizes dependent on the wind speed and mixed layer depth. The 
solution of these bubbles causes the growth of a subsurface maximum in 
total gas concentration. The amplitude of the maximum is dependent on 
the wind speed. The distribution of Ng should show this wind-dependent 
subsurface maximum. Because of differing solubilities a relative enrichment 
of Ng to Ar is expected with depth. Ng/Ar will increase with depth and 
at higher wind speeds the subsurface Ng/Ar will increase relative to the 
surface values. Ng/Ar should be higher than Ng'/Ar' because of bubble 
solution throughout the mixed layer. More simply, if surface gas 
concentrations are controlled by Fickian diffusion across the air-sea 




In the previous section a hypothesis is formulated; it is now 
necessary to compare it to oceanic observations. First the Hudson-70 
data are re-examined, then results of observations specifically designed 
to test the hypothesis are presented.
The obvious way, to test the hypothesis is to inspect the Ng profiles 
in the mixed layer. Maxima should be evident if the hypothesis is correct 
and they should increase with wind speed. A quick look at the profiles 
available from Hudson-70 (Figure 1.4) makes it immediately evident that 
there is not sufficient data to test the hypothesis in this manner. There­
fore to make use of the data that is available the gas concentrations 
at Om and 5m are compared in relation to wind speed. Thus if the pre­
dictions of the model are correct the value N^(Om) - Ng(5m) should 
decrease with increasing wind speed. Ng/Ar(0m) - N^/Ar(5m) should 
behave similarly. This procedure does not fully test the model but it 
will indicate whether the correct approach is being employed.
To test the relationship of gas concentration differences vs. 
wind speed two statistical tests are used. Both give the chances of 
association between the two variables. The corner test for association 
(Dixon and Massey 1957, pg. 297) tests for grouping of data in antipodal 
or adjacent quadrants. This test is not too critical and is used only 
as a rough test. The second test employs the least squares regression 
and analysis of variance (Wilson 1952, pg. 269) to predict the chances 
of association. This test is quite critical and gives a real estimate 
of association..
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Re-examination of Hudson-70 Data
On the Atlantic section of Hudson-70 11 stations were occupied
during which surface and 5m samples were taken. The results are as 
follows: 1
Table 3.1: Hudson-70 surface data
Station Wind Speed Ng(0m) - Ng(5m) Ar(0m - Ar(5m)
m/sec __ _ peak area (mv-sec)_________
12 6 +2000 + 84
13 11 +1625 + 20
14 11 +2015 -100
15 5 +1925 + 69
16 , 4 +4000 + 44
18 7 -2275 - 61
19 13 0 - 61
22 13 -2925 -117
23 18 + 150 +360
24 18 -3700 + 89
31 14 -4016 +152
Because of calibration problems at some of the stations it was not 
possible to calculate concentrations : the differences are therefore 
expressed as the gas chromatographic peak area (mv-sec). The differences 
are nearly directly proportional to concentration.
The Ng and Ar data (Figure 3.1) show an obvious trend. A statistical , 
treatment is necessary if any reliable inferences are to be made. The . 
results of the tests are expressed as the per cent chance of a trend existing.
Corner Test for Least Squares
Association Analysis of Variance
N2 99% 95%
Ar 75% 70%
There is no doubt about a relative increase of Ng at depth with increasing 
wind speed: however, the Ar data are less convincing. This may result
rfrom the poor precision of the Ar determination. There is an indication
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of a relative decrease of Ar at 5m with increasing wind speed. Because of 
an unresolved nonlinearity in the N2 and Ar calibration the N2/Ar ;
cannot be calculated. Nevertheless these results are encouraging and 
the following sampling program was carried out. i
Samples from an Offshore Oil Rig r j
It is often quite difficult to obtain good samples from the surface 
layer at high wind speeds because of turbulence caused by the ship. 
Also, precise gas chromatographic analysis is difficult, if not impossible, 
on a rolling and pitching ship. Fortunately, Shell Oil Canada, Southeast 
Commonwealth Drilling Co. and Sea Drilling Netherlands Co., made available 
their offshore exploration drilling rigs SEDCO-H and SEDNETH-1 for dur 
use. Offshore oil rigs are excellent sampling platforms because ofj 
their size and cleanliness. The convenient helicopter scheduling màde 
it possible to analyze samples in the laboratory within two days of ! 
sampling at sea. A reasonable attempt was made to obtain samples dtiring 
extreme weather but this was often frustrated by the effects of that; 
weather on the airlines, helicopter, and safety. The methods and data 
are summarized in Appendix C. ;
i
The oil rig data are first shown as histograms in Figure 3.2a,b,c. 
The 1-2/4/71 data (Figure 3.2a) show the average N2 and Ar values tb be 
less than N2' and Ar*. N^/Ar is higher than N^'/Ar'. The low N% aijd Ar 
could have been caused by the recent passage of a barometric low or jby 
recent cooling of the water. The 7-8/4/71 data (Figure 3.2b) are similar 
to the 1-2/4/71 data except that N^/Ar is lower than expected. The i 
pressure dropped continually during the sampling period and the winds 1 
were very strong. The 20-21/5/71 data (Figure 3.2c) were taken during 
a period of rising pressure and moderating winds. N_ shows a slight
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"oversaturation" and Ar a slight "undersaturation". Ng/Ar is much 
higher than N '/Ar'.2 i
The vertical profiles for all of the data are shown in Figures 
;3.3, 3.4a,b,c and 3.5a,b,c. The large range in concentrations at one 
station are immediately obvious. Bathythermograph!c records show that 
the water column was always mixed to at least 15m. Unfortunately 
it was impossible to take samples of bathythermographic readings below 
10-15m because of possible interference with the lower struts on the rig. 
Therefore, the proximity of the thermocline is not known, but it must be 
assumed that the lower sample is affected by it.
Of the three successful sampling periods only one had a variety of 
wind speeds. The data for that sampling period are condensed in the 
following table for the first statistical treatment.
Table 3.2: Oil rig gas concentration data for 7-8 April 1971.








1030/7/4/71 +0.08 +0.19 +0.0001 18.2
1530/7/4/71 +0.04 +0.07 -0.0045 25.0
0500/8/4/71 -0.03 +0.39 -0.0045 9.1
0800/8/4/71 +0.22 +1.30 -0.0066 9.1
1100/8/4/71 +0.62 +1.02 -0.0063 9.1
1400/8/4/71 +0.10 +0.17 +0.0012 13.6
1700/8/4/71 +0.12 +0.31 +0.0003 15.9
The samples were taken during the passage of a minor low pressure area. 
The wind rose quickly to 25m/sec and then dropped to 9.lm/sec. Towards 
the end of the sampling period the wind increased again as the pressure 
began to rise with the passage of the low. In Figure 3.6a,b Ng(Om) - 
Ng(4m), Ar(Om) - Ar(4m), and (Ng/Ar)(Om) - (Ng/Ar)(4m) are plotted vs. 
wind speed. The lower 9.lm/sec value probably represents the effect 
of a higher wind speed since the wind dropped quickly from 25m/sec and
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Figure 3.3:  Gas concentrations Vs. depth. Oil rig 1-2/4/71. Dotted 































Figure 3.4a,b,c:  Gas concentration VS. depth. Oil rig 7-8/4/71.
Dotted line ■ N2*, Ar', or Ng'/Ar1.
12 2 13
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Figure 3.5a,b,c:  Gas concentration vs. depth. Oil rig 20-21/5/71.


















































































the sea was still heavy. Also, the 13,6m/sec sample may represent the 
effect of a lower wind speed since the wind had just increased from 
9.1m/sec. Arrows are included in the figures to indicate these effects.
There are too few points to apply the corner test for association 
but the least squares regression-analysis of variance test gives 
60%, 95%, and 95% chance of association for the N2, Ar and Ng/Ar 
relationships respectively.
The relative increase of N2 at depth with wind speed is not as 
pronounced in this data as it is in the Hudson data. However, there 
was a definite decrease in the minimum and the relationships are the 
same as for the Hudson data: N2(0m) - Ng(4m) decreases with increasing 
wind speed and Ar(0m) - Ar(4m) increases with increasing wind speed. 
(N2/Ar)(0m) - (N2/Ar)(4m) decreases with increasing wind indicating a 
disproportionate increase of Ng at 4m relative to 0m.
Gas Flux and Transfer Velocity Calculation
During the 7-8/4/71 sampling period the barometric pressure fell 
steadily from 1012 to 995mb (29.9 to 29.5in) while the wind dropped 
quickly and held at 9 to 16m/sec. Assuming the water column was in 1
equilibrium with the, atmosphere at the beginning of the sampling period, " 
there was a flux of gas out of the water column concurrent with the 
barometric pressure drop. Because water was advecting past the oil 
rig during the sampling, the flux could not be calculated, directly.
The flux was determined by comparing the average gas concentrations at 
0 and 4m with the 8 and 12m concentrations. This procedure assumes that 
the upper part of the water column will adjust to changing surface 
conditions faster than the deeper part of the water column. Because of this 
assumption the calculations represent minimum flux values. The data
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are summarized as follows:
Elapsed Time 00.0 13.5 16.5 19.5 22.5 25.5 hours
Ng difference + .2 +.1 + .36 -.09 -.05 -.22 ml Ng/kg
Ar difference .0024 .0024 .0066 .0062 -.0006 -.0048 ml Ar/kg
The gas transfer equation is
Flux = -(Ls/d) (p-pQ) (3,1)
where A = gaseous diffusivity which is circa 2.0 x 10”5cm2/sec
8 = Bunsen solubility coefficient (0.0166 L Ng/L atm and 0.042 L Ar/L atm) 
p-p0 " partial pressure of a gas in the air minus the partial pressure 
of the same gas in the water in atm
d = laminar layer thickness in cm
P*P0 is estimated by making the assumption that the pressure change occurred 
instantaneously. Then p-p^ = 0.0167atm. The corresponding pressure drop 
for Ng is 0.013atm and for Ar is 0.00016atm. The concept of laminar 
layer thickness results from Whitman's two-film gas absorption theory.
Although the laminar layer may not be realistic for oceanic conditions 
it is a useful parameter. The transfer velocity (A/d) is a popular way 
to express the relation of the gas flux to the driving force of the .
partial pressure difference. Gas flux is defined as the gas transfer 
through a unit area jn unit time. Under a 1cm2 area there is 0.6L 
of water in the 6m water column that is losing 0.58ml Ng/kg and 0.0114ml Ar/kg 
during the 25.5 hour,period: the data can be interpreted to indicate a 
degassing time of circa 9 hours. From these data the transfer velocities 
are calculated to be ;0.018cm/sec for N% and 0.12cm/sec for Ar based pn a 
25.5 hour degassing time. The laminar layer thicknesses are 11 and 1.7microns 
for Ng and Ar, respectively. If the degassing period is halved, the transfer 
velocity is doubled., ,
. . v- । .
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' DISCUSSION
This section will evaluate the data presented in the previous 
section in relation to the hypothesis. Following that, the discussion 
will center on implications of bubble participation in air-sea gas 
exchange and in the control of gas concentrations. 
Validity of the Hypothesis
The first prediction of the hypothesis is that a subsurface 
maximum of total gas concentration exists and that the amplitude of 
the maximum is wind dependent. Because of the interaction of water 
in the lower part of the mixed layer with the water in the thermocline, 
as discussed in the first few paragraphs of the RESULTS section, it is 
not likely that sampling in the mixed layer will show the same exact 
characteristics as the idealized prediction curves (Figures 2.4, 2.5, 2.6). 
The Hudson-70 N2 data (Figure 3.1) show a definite wind dependent trend 
toward increasing concentrations at 5m relative to Om. The oil rig 
data (Figure 3.6a) show a similar trend, but only in one case does the 
4m sample contain more N2 than the 0m sample. The Hudson-70 plot shows * 
more N2 at the surface than at 5m, up to wind speeds of 10m/sec, but 
at higher wind speeds there is increasingly more N2 at 5m than 0m. 
The occurrence of higher gas concentrations at 0m than at 4 or 5m 
during low wind speeds represents another process, possibly related to 
barometric pressure changes, that is superimposed upon the general trend 
shown in Figures 3.1 and 3.6a. Therefore, the data as treated confirm 
the growth of a wind dependent subsurface gas concentration maximum, 
with the reservation that some other process is holding surface N^ 
values higher than 4 or 5m values at low wind speeds.
I
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It is significant that the Hudson-70 data approaches this prediction 
closer than the oil rig data. It is assumed that the principal reason 
for this is the different weather characteristics in the Hudson-70 
sampling area. The Hudson-70 data were from open ocean areas under 
the influence of large weather systems of long duration with the water 
column at or near steady state. This is in contrast to the oil rig data, 
which were from an area that was under the influence of intense weather 
systems of short duration, and in which a steady state is not a 
reasonable assumption.
The hypothesis predicts that, because of differing solubilities, 
there should be a wind dependent enrichment of Ng at depth relative to 
Ar and with Ar thus decreasing with depth. The enrichment of Ng 
relative to Ar js best demonstrated in the oil rig Ng/Ar data (Figure 3.6b). 
There is a definite enrichment of Ng at 4m relative to the surface and 
the degree of enrichment increases with wind speed. The decrease of Ar 
with depth is shown in the oil rig and Hudson-70 data (Figures 3.6a and 
3.1). Both figures agree in trend indicating the prediction is correct.
The hypothesis also predicts that Ng/Ar will be higher than Ng'/Ar' 
because of bubble solution. The oil rig data generally confirms this 
with the exception of the 7-8/4/71 data when Ng/Ar was unusually low. 
This could result from the highly variable weather conditions during 
that sampling period* ■ ,
The most conclusive indirect evidence for bubble participation jin 
gas concentration control is the great range of values in ;a supposedly 
well-mixed water column. The surface waters analyzed for,Ng during 
Hudson-70 showed a variation from saturation of 92 to 108% (Figure 3.2a,b,c) 
and the oil rig Ng and Ar data (Figure 3.2a,b,c) varied in a similar manner.
■ ' h
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In the same waters the salinity and temperature variations were less 
than 1% (total variation in the mixed layer). This relatively great 
range in gas concentrations in the mixed layer directly implies that some 
additional process is affecting gas concentrations in the mixed layer.
■ The preceding evidence indicates the participation of bubbles in 
the control of surfape layer gas concentrations. n2, Ar, and Ng/Ar 
profiles confirm bubble solution and the wind dependence of a subsurface 
maximum, while the high variability of gas concentrations in the mixed 
layer confirms the existence of processes other than normal diffusion.
The hypothesis seemst, to be reasonably correct considering the data presented. 
In the following discussions the implications of these results will be 
discussed. r. >
Implications Concerning Gas Exchange
The implications of the validity of the model contradict our 
present concept of gjas exchange mechanisms. If the water column is 
not in equilibrium with the atmosphere, there will be a flux of gas 
across the sea surface to establish equilibrium. The gas flux caused 
by dis-equilibrium has historically been described in terms of the 
two-film theory of gas absorption developed by Whitman (1923). In this 1 
theory the flux is proportional to the gradient in partial pressure of 
gas between the air and the bulk water divided by the thickness of an 
assumed laminar layer of water at the surface. It is assumed that 
molecular transfer through this layer is by molecular diffusion, not 
eddy diffusion. While common sense precludes the existence of a 
laminar layer at even moderate wind speeds, the concept of a laminar 
layer thickness has been useful in expressing gas exchange rates. 
However, the presence of bubbles, or even waves, severely complicates
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the theory. Gas fluix is determined by the surface area available and 
the gradient. Both bubbles and waves vastly increase the surface area 
available for mass transfer.
The difference between the assumptions of the two-film theory of 
gas absorption and reality are the same as the difference between gas 
exchange rates measured in the laboratory tank and oceanic measurements. 
Schink et al (1970) summarized published observations of transfer 
velocity in a figure that is re-created here and includes values from 
this study (Figure 4.1). It must be noted that Redfield's values resulted 
from monthly calculations of actual gas flux while the other oceanic 
values were derived from calculations of flux, assuming steady state. 
The figure shows the»good agreement between the various observations. 
The figure also shows the difference between the laboratory and oceanic 
measurements. The difference can be attributed to the increased surface 
area because of waves and bubbles and the direct injection of air into 
the water by bubble solution. ;
The determination of the source strength of bubble solution and 
resultant gas distribution directly implies a flux of gas across ths 
sea surface. By integrating S(z) from 0 to L, the maximum possible gas 
flux due to bubbles is estimated to be 10~® to lO^cm^/cm^sec. - This 
flux estimate is considerably larger than the flux required to maintain 
equilibrium on a seasonal basis ( circa 10-9cm3/cm2sec (Redfield, 1948)), 
implying that flux based on seasonal measurements may depict correctly 
the net flux, but actual mass transfer could occur over a much shorter 
time period. ; - „ ;
If bubbles are significant in seasonal gas transfer, then much of 
the gas transfer takes place during storm conditions. The situation
'1
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Figure 4.1: Gas transfer velocity (à/d) Vs. wind speed. Adapted from 
Schink et at (1970) with data from this study added. Radon data from 
Broecker et al (1967). Xenon data from Schink et al (1968). Gulf of 
Maine data from Redfield (1948). Tank study data from Hoover (1966) 











































is complicated Since bubble solution would aid mass transfer most 
when the required flux is into the water column. It is difficult 
to assess the role of bubbles in gas exchange when the required mass
Y transfer is from the,water to the air.
With the relatively good agreement1 of the various determinations 
of oceanic gas transfer velocities it sterns possible to express the 
relationship between gas flux and partial pressure gradient in terms 
of t: the wind speed. Gas flux could be expressed by the function :
Flux = -f(U)s(p-pQ) (4.1)
where f(U) combines A/d from equation (3.1) and an additional factor 
to account for the increased surface area and bubbles caused by the 
wind. f(U) can be determined from Figure 4.1 using a parabolic least 
squares fit and for these data
Flux = (0.014-0.0059U+0.00074U2)e(p-po) (4.2)
Thus, knowing the difference in partial pressure between the air and 
the water, and the wind speed, the gas flux can be predicted.
Implications Concerning Gas Concentrations
The solution of bubbles affects gas concentrations both temporarily 
and permanently. This is because the characteristics of bubble spectra 
are determined primarily by the wind, which has great short term variability 
but has definite long term averages. Thus the temporary effect of 
bubble solution on the water column can be observed by spatial and 
temporal sampling in,the mixed layer.
Data from this study show the spatial effect of bubble solution 
on both the concentration of a gas and gas concentration ratios. 
Concentration profiles are dependent on wind speed and the change with 
time as the wind changes. '
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The partial control of gas concentrations in the mixed layer by 
i 
bubble solution 'places restrictions on the calculation of gas flux 
by measurement of grbss concentration gradients. The model predicts 
and the data tentatively confirms that at wind speeds above 10m/sec 
a flux of gas out of the water column would be predicted on the basis 
of observed gradients. Thus any calculation of flux based on measurement 
of gradients in the mixed layer must take this effect into account.
Many people have recognized that the solution of bubbles in the 
water column causes supersaturation. Gréa*; care must be exercised 
when comparing measured gas concentrations in the surface layer with 
calculated saturation concentrations. The true saturation value is 
dependent on the barometric pressure, which may vary significantly, 
making it difficult to decide on the proper saturation value. Surface 
Ng from Hudson-70 averaged 0.2ml/L less than Ng'. However, the average 
barometric pressure was much less than 1013mb, nearer lOOOmb, If this 
is taken into account the water was very near saturation. Oil rig data 
are difficult to evaluate because the barometric pressure was so variable. 
In general the water was near saturation.
The solution ofi bubbles shows a definite effect on N^/Ar. During 
the oil rig sampling of 1-2/4/71 the Ng/Ar was much higher than Ng'/Ar* 
but during the 7-8/4/71 sampling it was the same or lower. The weather 
conditions during the 7-8/4/71 sampling were quite variable in contrast ; 
to the relatively steady conditions of other sampling periods, thus- 
accounting for the anomalous Ng/Ar. Nevertheless, Ng/Ar is generally higher 
than the estimate of Ng'/Ar*, a sure indication of bubble solution.
Of all the waters analyzed during Hudson-70, surface waters : 
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of 3.4% in gas concentration. The oil rig data demonstrates even more 
variability; and Ar vary up to 20% during a sampling period, while 
the salinity and temperature remain essentially constant. During the 
three oil rig sampling periods the range in N^/Ar was always less than 
the range of and Ar. .
This study proves that bubble solution causes predictable distributions 
of dissolved gases in the mixed layer of the ocean. Any study of near­
surface gas concentrations must take this phenomenon into account; 
it is particularly important when observations of gas concentration 
gradients are used to calculate flux.
The permanent effects of bubble solution on water masses can be best 
seen in the effect op N^/Ar (Benson 1965). There is no data from this 
study to show this effect in deeper water masses, although the N^/Ar 
ratio in the mixed layer definitely was effected by bubble solution.
The model predicts excess gas accumulations in the mixed layer.
If these waters are sinking rapidly during water mass formation the 
predicted excess gas, concentrations may represent the "air injected" 
component of gas found in deep water. With this assumption and a 
realistic vertical eddy diffusivity of 100cm2/sec the air injected 
component would be c&rca 0.1 to 0.4ml/L (Figure 2.6). This value is 
slightly less than ^he 0.66ml/kg calculated by Biere (1971) and the 
0.5 to 1.0ml/kg predicted by Craig and Weiss (1971). 
Future Work
Additional observations would be useful in confirming both the 
assumptions and predictions of the model. One important[field observation 





The observational area should have steady winds, steady barometric 
pressure, and a deep mixed layer. A subtropical area would be ideal. 
Observing concentration profiles over a long time period would 
permit the determination of the individual effects of wind, barometric . 
pressure, and other ^surface parameters. This observation should be 
taken in an area of moderately changing weather to provide changes of 
pressure, wind, and temperature. The observations should be taken 
during the passage of at least 10 weather systems. Time-series analysis 
could then be used to determine the effect of the various parameters.
More knowledge of bubble spectra wind and depth dependence is 
necessary for any further theoretical development concerning bubbles. 
As mentioned previously, acoustical methods are not reliable at high 
wind speeds. Development of improved acoustical methods, or observations 
of oceanic bubble spectra are not being considered by groups working in 
those fields of research (Peterson, 1971 and Medwin, 1970). However, ‘ 
an electronic technique for in situ zooplankton counting (Boyd and 
Johnson, 1969) shows -promise for bubble spectra measurements. Ideally, 
bubble spectra should be determined simultaneously with mixed layer 
observations of gas concentrations.
The effect of Langmuir circulation on gas transfer and distribution 
should be investigated. The high vertical advection present in these 
cells would easily carry bubbles to greater depths than normally 
attained under the influence of surface turbulence ; bubbles have 
a rise rate of 2cm/sep compared to the measured downward vertical 
advection of 6cm/sec -.(Sutcliffe, Baylor, and Menzel 1963). Gas transfer 
would be increased and the subsurface maximum gas concentration would 
be deeper due to Langmuir circulation. <
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Additional gas Elux observations would improve the estimate of 
f(U) and increase out knowledge of gas exchange mechanisms. Ideally, 
flux observations should be made in an individual water column rather 
than a local one. One has the choice of following a drogue and sampling 
near it, or sampling from a fixed tower in an area of negligible 
horizontal gradients. With a reliable estimate of f(U) it would then 
be possible to construct models of gas exchange based on specific en­
vironmental conditions.
Oceanic and tank measurements of transfer velocity do not agree. 
This difference could be attributed to increased surface area and 
bubbles associated with large waves. Gas flux into the water definitely 
is increased by bubbles. Bubbles could also increase the outgassing 
process, although thé mechanism is not understood. As mentioned in 
the first section, the one characteristic missing from tank measurements 
is the large breaking wave with resultant bubbles. Since this study 
shows that bubbles must be considered in any surface process involving 
gas transfer, any experimental work must include them. Most parameters 
can be scaled to permit laboratory size experiments; however, large waves 
and bubbles cannot be scaled. Therefore, knowledge of gas transfer 
processes in the sea will be gained only by oceanic observations, under 
judiciously chosen surface conditions.
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SUMMARY
1. Observations for the South Atlantic demonstrate anomalously variable 
distributions of and Ar in the surface layer.
2. A mathematical model based on the solution of bubbles is developed 
that predicts the depth distribution of gas concentrations in
the surface layer.
3. A re-examination of the South Atlantic data and of additional data 
from an offshore oil rig prove that the predictions of the model 
are reasonably correct. The solution of bubbles causes a sub­
surface increase in the less soluble gases (Ng) and a decrease
in the soluble gases (Ar) relative to the respective surface values.
4. Gas flux measured during the oil rig sampling agrees with other 
published values indicating that an empirical equation for gas 
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Electrolytic calibration technique for dissolved 
nitrogen determination in seawater by on-stream 
stripping gas chromatography.
A paper published in Analytical Chemistry,
Vol. 44, Page 885, April 1972.
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BRIEF
The electrolytic decomposition of hydrazine sulfate to and 
H2 provides an accurate calibration (0.5%) for Ng in the on-stream 
stripping gas chromatographic analysis of N2 in seawater. Precision 
is better than 0.5%.
1
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Electrolytic calibration technique for dissolved









The precise and* accurate determination of the dissolved nitrogen 
content of seawater Ng has proved to be difficult and various analytical 
techniques have been used. Riley (1) reviewed the various method used 
(see also 2). Gas chromatography holds greatpromise for high precision, 
accuracy and fast analysis time =
In this note an improvement of the on-stream stripping technique 
of Williams and Miller (3) using the stripping chamber of Swinnerton, 
Linnenbom and Cheek (4) is presented. An electrolytic calibration for 
nitrogen is also outlined. This method is quite precise, accurate and 
relatively fast. It also lends itself to automation. 
APPARATUS
The gas flow and essential elements of the analytical system are 
shown schematically in Figure 1. Gas cylinder A supplies helium through 
a low diffusion pressure regulator to helium purifier A' (Electron 
Tech. Inc. Model SCM-1). The manifold B (actually part of the gas 
chromatograph) supplies helium to both the gas chromatograph ("carrier 
gas") and the stripping chamber ("stripping gas"). Flowmeters C control 
the flow to each system. Carrier gas flow rate is 80 ml/min and stripping 
gas flow rate is set at 20 ml/min. The gas chromatograph L (Bendix 
Model 2100) is equipped with a helium ionization detector (Ionics Inc. 
Model 200). A 6-ft x 1/4-in. o.d. stainless steel column packed with 
molecular sieve 5A is in line with a 12 x 1/4-in. activated charcoal 
column. This allows the determination of nitrogen and argon by 
removing the oxygen (5). The column temperature is 100°C. A Carle 
Inst. Co. Model 201418-way sample valve 7. with 5-ml matched loops is 
mounted inside the column oven. For readability a 6-way valve I is 
shown with one loop J in Figure 1. K is the carrier gas line to and
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from the sample ivalvé. A digital integrator M (Hewlett-Packard Model 
3370-A) determined the peak areas. Recorder N indicates the stage of 
the analysis and baseline quality.
A water sample D* is pumped into the glass stripping chamber G , . 
(40 cm x 12 mm o.d.) with a peristaltic pump D (Masterflex Model 7013). 
An identical pump E removes gas free water from the stripping chamber. 
Silicone tubing is used in the pumps and is occasionally flushed with 
HODAG ML-44 (HODAG Chemical Corp., Skokie, Ill.) to reduce bubbling. 
The water flow rate WFR is determined by either of two methods. Water 
from pump E is pumped into a tared beaker for a measured time or the 
time to fill a volumetric flask is determined. This provides WFR in 
g/min or ml/min. Stripping gas passes up through the coarse frit F, 
removes the dissolved gas and exits near the top. It passes through . 
dryer H which is filled with activated molecular sieve 5A (1/16-in. pellets). 
The sample valve I removes a precise amount of the stripper gas + 
extracted gas for analysis.
For calibration a current supplied by a Hewlett-Packard 62ISA DC 
power supply P is passed (via Pt electrodes 0 mounted on the chamber) 
through a 0.1 M hydrazine sulfate solution held in the stripper. The 
current is measured by observing the voltage drop across a precision 
1000 ohm resistor Q with a Hewlett-Packard Model 3430A digital voltmeter R.
CALIBRATION
The electrolytic decomposition of hydrazine sulfate produces Ng and 
Hg. Page and Lingane (6) demonstrated that under their experimental 
conditions theoretically predicted amounts of N_ and H_ are produced 
(3.486 ml Ng STP/ma-min). Since the apparatus described in this paper 
is essentially identical to that of Page and Lingane it is assumed
%
92
that the theoretical yield is achieved.
The stripping chamber is cleaned thoroughly and filled with 0.1 M 
hydrazine sulfate and the pumps are sealed. A standard curve is prepared 
by plotting milliamperes vs, integrated nitrogen peak area (NPA)(Figure 2). 
The curve, or a statistical approximation of it, f(NPA), can be used to 
calculate the milliamperes current equivalent to the nitrogen content of 
the sample. Ng is calculated using the following:
„ 3.486 x f(NPA)N2 = -------------
Other gases can easily be determined by experimentally determining 
the relative sensitivity of the detector to Ng and other gases. For 
example the concentration of argon would be:
SA APA N, 
Ar = SN % —x 
where SN and SA are the detector sensitivities (volume/peak area) for 
nitrogen and argon, NPA and APA are the nitrogen and argon peak areas, 
and Ng is the nitrogen concentration.
RESULTS
Pump stability. Experiments demonstrated the pumps to be stable to 
better than 0.01 ml/min over 19 hours, 
u .
Stripping gas flow. The stripping gas flow must stay constant. It is 
' H
sometimes necessary to flush the frit with distilled water to remove 
accumulated salts, tiiis can be done by installing a SWAGELOK T 
connector at the base of the stripping chamber. One arm of the connector 
is used for the stripping gas, the other for a syringe filled with distilled 
water. Duplicate samples run before and after all analysis have seldom 
detected drift.
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Stripping efficiency. The water flow rate was varied while holding the 
stripping gas f|ow constant at 20 ml/min. The nitrogen peak areas 
increased linearly with increasing WFR to about 12 ml/min indicating 
complete stripping. The pumps are normally run at 4 ml/min. 
Effect of hydrazine concentration. Experiments demonstrated that 
reducing the hydrazine sulfate concentration by one-half had no effect 
on the yield of N^. The yield was linear over the current densities used. 
Precision and accuracy. The relative standard deviation is typically 
0.5% for 4 samples. .The accuracy is more difficult to assess: the 
resistor was calibrated to 1000,01 ohms. The digital integrator is 
accurate to 0.1% (ignoring false baseline tripping due to signal noise). 
The digital voltmeter is calibrated to 0.2%. The flow measurement is 
certainly accurate to 0.1%. Therefore, the total error in accuracy is 
at most 0.5%.
Seawater results. Figure 2 shows the results of a typical calibration. 
Figure 3 shows the Ng values obtained from an oceanographic station. 
About 300 samples were analyzed during one cruise.
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FIGURE CAPTIONS
Figure 1. Apparatus schematic.
Figure 2. Calibration curve. The non-linear response is due to the 
detector.
Figure 3. Sample analysis. Cruise CSS HUDSON 050, Station 31, Date 
13/01/70. Position: Latitude 41°46.5'S, 46°26.4'W. Filled 
circles: sample values. Solid line: saturation values 
calculated from potential temperature and salinity (7).





















During cruise Hudson-70 of the C-S_.S^. Hudson, hydrographic stations 
were taken on a section along latitude 30°W from the Equator to about 
54°S. Water samples were taken at these stations for the determination 
of Ng and Ar concentrations. 
Sampling Methods ‘
Subsurface samples were obtained with standard Knudsen or Niskin 
sampling bottles. Samples for analysis were taken by flushing a 125ml 
round bottle with 500ml of water, filling to the top, and capping with 
a polyseal screw capI Precautions were taken to avoid bubbles in the 
transfer line and turbulence in the sample bottle. The samples were 
immediately placed in a 1.5eC cooler and kept there until analysis.
Surface samples were obtained by bucket concurrently with the 
tripping of the hydrographic cast. Great care was taken to avoid any 
water obviously affected by the ship. It was relatively easy to obtain 
surface samples this way because of the high extended stern of the 
Hudson and the sternrto position the ship holds during stations. 
Analytical Methods >
The N% values were determined using the method described in 
Appendix A. Because of calibration problems it was not possible to 
determine Ar concentrations but the Ar peak areas are valid for comparison. 
The Ar peak areas are not included in the following data tabulation. 




Weather: Barometric pressure, 1019mb; Wind, 6m/sec.
Depth Potential ;Salinity n2* n2 A V2
Temperature 
°C
°/oo ml/L ml/L %
0000 21.95' 36.058 9.15 9.22 +0.77
0005 8.88 -2.95
0010 21.91 36.032 9.16 9.34 +1.97
0050 19.31 36.000 9.56 9.74 +1.88
0100 17.50 35.842 9.87 9.73 -1.42
0200 15.73 35.636 10.19
0299 14.07 35.394 10.52 10.65 +1.24
0398 12.40 35.158 10.87
0497 10.71 34.924 11.24 11.31 +0.62
0596 8.19 34.619 11.85
0696 6.27 34.432 12.36 12.14 -1.78
0795 4.98 34.338 12.71
0894 4.19 34.312 12.94 12.39 -4.25
0994 3.6Ï 34.341 13.10
1194 3.04 34.465 13.26 12.83 -3.24
1594 2.71 34.718 13.34
1875 2.68 34.801 13.34 12.63 -5.32
2267 2.71 34.893 13.32
2662 2.62 34.911 13.35
3158 2.29 34.892 13.45
3456 1.92 34.859 13.57
3857 1.33 34.796 13.77
4257 0.92 34.752 13.91
4658 0.75 34.737 13.96
4857 0.67 34.737 13.99
5056 0.54 34.729 14.03
5254 0.49 34.717 14.05
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Station 14
Position: 32°25.1*S, 30e9.6'W 
Weather: Barometric pressure, 1017.8mb; Wind, llm/sec.
Depth Potential Salinity n2* N2 an2
Temperature °/oo ml/L ml/L %
°C
0000 20.40 35.956 9.39 9.16 -0.23
0005 8.84 -5.86
0010 20.43 35.911 9.39 10.07 +7.24
0025 9.03 -5.74
0050 17.76 35.823 9.82
0099 16.61 35.772 10.02
0197 14.96 35.578 10.34
0293 13.89 35.435 10.55
0369 10.75 10.79 +0.37
0389 12.64 35.240 10.81
0485 10.56 34.916 11.28
0581 8.35 34.654 11.81
0657 '■ 12.24 12.03 -1.72
0677 6.68 34.470 12.24
0774 5.231 34.344 12.64
0872 4.36 34.283 12.89
0971 3.70 34.277 13.09
1169 3.03 34.355 13.28 13.30 +0.15
1565 2.68 34.590 13.36
2077 2.68 34.816 13.34 13.70 +2.70
2472 2.62 34.881 13.35
2870 2.43 34.897 13.41 13.48 +0.52
3069 2.26 34.892 13.46
3267 2.07 34.875 13.52 13.78 +1.92
3463 1.85 34.858 13.59
3657 1.58 34.833 13.68 13.66 -0.15
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Station 15
Position: 34’59.7'S, 30’4.7'W 
Weather: Barometric pressure. 1018.lmb# Wind, 5m/sec.
Depth Potential Salinity N2* N2 an2
Temperature °/oo ml/L ml/L %
’C
0000 18.50 35.764 9.70 10.09 +4.02
0000 9.70 10.00 +3.09
0005 9.68 -0.10
0010 18.58 35.758 9.69
0025 9.26 -4.54
0050 18.45 35.744 9.71
0100 15.53 35.626 10.23
0200 14.41 35.502 10.44
0299 13.46 35.376 10.64
0379 10.85 10.74 -1.01
0399 12.29 35.194 10.89
0498 10.09 34.854 11.39
0597 7.27" 34.523 12.09
0696 5.87 34.372 12.47
0776 12.80 12.54 -2.03
0796 4.421 34.258 12.88
0895 4.03 34.262 12.99
0994 3.68 34.265 13.09
1173 13.27 13.28 +0.08
1193 3.07 34.322 13.27
1590 2.66 34.574 13.37
1784 13.35 13.31 -0.30
1804 2.70 34.698 13.35
2002 2.74 34.786 13.32
2203 2.78 34.845 13.31
2383 13.32 13.56 +1.80
2403 2.72 34.883 13.32
2603 2.65 34.902 13.34
2783 13.46 +0.67
2803 2.55 34.914 13.37
3002 2,39 34.906 13.42
3082 13.72 +1.93
















0000 4.38 33.955 12.92 12.57 -2.71
0005 12.98 13.12 +1.08
0010 3.97 33.941 13.04 12.78 -1.99
0025 13.07 13.12 +0.38
0048 3:79 33.944 13.09
0096 2.09 33.969 13.61
0191 0.49 34.097 14.12
0265 14.00 13.84 -1.14
0285 0.92 34.243 13.96
0347 13.81 13.73 -0.58
0377 1.48 34.377 13.76
0451 13.69 13.53 -1.17
0471 1.72 34.475 13.67
0563 1.85 34.544 13.63
0636 13.60 13.28 -2.35
0656 1.90* 34.605 13.60
0749 1.67 34.616 13.68
0822 13.62 13.52 -0.73
0842 1.82 34.667 13.62
0936 1.76 34.699 13.64
1127 1.63 34.713 13.68 13.60 -0158
1322 1.63 34.748 13.67 13.69 +0.15
1990 0.86 34.712 13.93
2171 0.72 34.712 13.98
2352 0.60 34.704 14.02
2716 0.32 34.691 14.11
3084 0.09 34.683 14.19
3456 -0.12 34.676 14.27
3829 -0.31 34.668 14.33
3900 -0.32 34.671 14.34
4030 -0.34 34.669 14.34
4089 14.37 14.48 +0.77
4110 i0.43 34.665 14.37


















0000 1.40 34.072 13.82 :
0005 13.83 13.90 +0.51
0010 1.34 34.070 13.84 13.90 +0.43
0025 13.88 14.37 +3.53
0050 1.09 34.078 13.92
0099 -0.71 34.198 14.52
0198 0.72 34.492 14.00
0297 1.30 34.617 13.79
0396 1.27 34.650 13.80
0496 0.99 34.646 13.89
0596 0.98 34.663 13.89
0697 0.87 34.665 13.93
0796 0.83 34.676 13.94
0895 0.77 34.677 13.96
0992 0.70 34.677 13.99
1789 0.16 34.667 14.17
2158 -0.03 34.657 14.24
2582 rO. 18 34.651 14.29
2980 -0.33 34.647 14.34
3359 14.41 14.29 -0.83
3379 -0.51 34.641 14.41
3778 -0.60 34.639 14.44
4160 1 14.46 14.54 +0.55
4180 -0.67 34.639 14.46
4581 -0.72 34.637 14.48
4922 14.49 14.54 +0.35
4942 -0.74 34.636 14.49
4984 -0.74 34.635 14.49
5367 14.49 14.69 +1.38
5387 -0.76 34.635 14.49
5793 -0.78 34.635 14.50 14.89 +2.69
7318 -0.81 34.642 14.51 14.55 +0.34
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Station 30
Position: 47’3.3’S, 40’4.6'W 
Weather: Barometric pressure: 1002.2mb; Wind, 16m/sec.
Depth Potential Salinity N2* N2 an2
Temperature °/oo ml/L ml/L %
°C
0000 9.90 34.566 11.45
0005 11.46 11.82 +3.14
0010 9.83 34.472 11.48 11.60 +1.050025 11.48 11.59 +0.960050 9.80 34.464 11.48
0099 9.82 34.417 11.48
0150 12.00 12.31 +2.58
0198 5.63 34.274 12.54
0275 12.90 12.78 -0.930295 4.16 34.159 12.96
0392 3.68 34.158 13.10
0469 13.20 12.85 -2.650489 3.30e 34.169 13.21
0586 2.98 34.195 13i31
0664 13.40 13.25 -1.120684 2.67, 34.225 13.40
0783 2.49 34.269 13.45
0862 13.46 13.42 -0.300882 2.46 34.311 13.46
0981 2.42 34.384 13.46
1159 13.46 13.47 +0.07
1179 2.40 34.500 13.46
1349 13.46 13.32 -0.97
1369 2.41 34.588 13.45
1896 2.34 34.726 13.45
2264 13.52 13.65 +0.962284 2.12 34.771 13.52
2678 1.74 34.784 13.64
3054 13.78 13.89 +0.803074 1.29 34.756 13.78
3472 0.89 34.732 13.92
3850 14.07 13.80 -1.92
3870 0.44 34.709 14.07
4688 14.27 13.37 -6.314708 -0.14 34.677 14.27
4908 -0.17 34.674 14.28
5090 14.30 13.85 -3.155110 -0.21 34.676 14.30




Weather: Barometric pressure, 1009.2mb; Wind, 14iVsec.
Depth Potential Salinity N2* N2 AN_
Temperature °/oo ml/L ml/L %
?C
0000 17.10 35.341 9.97 9.27 -7.02
0000 9.48 -4.910005 10.05 9.90 -1.490010 16.19 35.142 10.14 10.20 +0.590025 10.29 10.17 -1.170050 14.20 34.887 10.53
0098 13.03 35.271 10.73
0150 11.05 10.76 -2.620196 10.43 34.886 11.31
0271 12.02 12.11 +0.750291 6.87 34.435 12.20
0386 4.86 34.226 12.76
0463 12.90 12.27 -4.880483 4.22 34.192 12.94
0579 3.94 34.205 13.02
0655 ». 13.12 12.85 -2.060675 3.54 34.211 13.14
0773 3.32 34.253 13.20
0851 13.30 12.72 -4.360871 2.93 34.271 13.32
0969 2.67 34.311 13.39
1143 13.40 13.30 -0.751163 2.61 34.432 13.40
1331 13.39 13.23 -1.191351 2.60 34.543 13.39
1386 2.64 34.573 13.38
1741 13.35 13.33 -0.151761 2.67 34.743 13.35
2138 2.61 34.805 13.36
2521 2.50 34.860 13.39
2909 1.94 34.816 13.57
3282 13.78 13.27 -3.703302 1.28 34.757 13.79
3696 0.68 34.711 13.99
4068 14.17 13.75 -2.964088 0.16 34.682 14.17
4282 0.02 34.677 14.22
4453 14.25 14.17 -0.564473 -*0.09 34.677 14.25
4641 14.28 14.34 +0.424661 -0.15 34.673 14.28





The following data were obtained by sampling from the offshore oil 
drilling rig SEDNETH-1 operated by Sea Drilling Netherlands, The Hague, 
Netherlands and leased by Shell Oil Canada, Ltd. The cooperation 
and help provided by the men of both companies was exceptional. The 
rig was in various positions north of Spble Island, Nova Scotia in 
60 to 100m of water. 
Sampling from an Oil,Rig
In many ways sampling from an offshore oil rig is better than from 
a ship; the water surface is quite clean around the rig, the distance 
between the caissons-(120m) is enough that waves easily pass through 
the legs of the rig with relatively little interference, and the lower 
cross-struts are far enough underwater (26m) that they have little 
effect on the waves. With a portable sampling rig it is possible to 
move to the windward corner of the rig and avoid practically all -
influence of the rig.
Standard Knudsen bottles were used to gather samples : four bottles 
were spaced on a 3/16 inch hydrographic wire, the hydrographic wire was 
attached to a 1/4 inch nylon rope, the shallowest Knudsen bottle 
bridged the know between the wire and the rope. The wire was lowered 
by hand via a meter wheel, the rope being used to ease the handling.
A standard messenger was adapted to pass down the rope to trip the first 
bottle. Other than the hand lowering by rope the sampling was normal.
Samples wete drawn into 125ml amber bottles with polyseal caps. 
About 500ml of seawater was flushed through the bottle and the normal 
care was taken to avoid bubbles and air traps. The samples were stored 
at 0.2*C until analysis. ;
•J
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Another convenient aspect of sampling from an oil rig is the 
possibility of running samples in the laboratory. Samples were normally 
taken Wednesday noon through early Friday morning. The helicopter 
flight to Sydney, Nova Scotia took about 1 hour followed by a 1 hour 
flight to Halifax. .Thus it was possible to analyze samples within 
two to three days of sampling, an impossible feat using a ship. The 
only disadvantages of using the oil rig were the tight schedule involved 
and fog which continually caused delays. Of course one has no control 
as to the position of the rig. Fortunately in this work the geographic 
position was not critical. 
Analytical Methods ;
Ng and Ar were determined according to the method in Appendix A. 
The detector sensitivity to Ng (SN) and Ar (SA) was determined by 
injecting various NgtHe, and Ar:He mixtures into the gas chromatograph 
via the sample valve. The mixtures were made by mixing 1.01% Ng in He 
or 1.00% Ar in He (Matheson Co., Primary Standard) and pure He in a 
precision gas mixer (Calibrated Instruments Co.).
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Station 2100 1 April 1971
Weather: B.P., 1016mb,, rising; wind, 8m/sec; sea, 4m;
water temp., 0.9’C.
Depth N2 n2/m Ar
m
0 13.35 37.38 .3571
3 -, 13.88 37.87 .3665
6 ,, 12.80 37.02 .3458
Station 0430 2 April 1971
Weather: B.P., 1023mb , rising; wind, 7-9m/sec; sea Im,
swell; water temp., 0.9*C.
Depth «2 N2/Ar Ar
m
u
0 13.46 37.33 .3606
3 13.40 37.53 .3570
ni






Station 1030 7 April 1971
Weather: B.P., 1012mb, dropping; wind, 18-25m/sec; sea, 2m 
no swell; note, wind up from 9m/sec in 2 hours.
Depth N2 Ar
m
0 12.46 36.21 .3441
4 12.39 36.02 .3440
8 • 11.86 35.62 .3330
12 < 12.64 36.45 .3468
Station 1530 7 April 1971
Weather: B.P., 1005mb, dropping; wind, 25m/sec gusting to
31m/sec; sea, 3-5m.
Depth r Ng N2/Ar Ar
m
0 12.63 35.82 .3526
4 12.58 35.75 .3519
Station 0500 8 April 1971 .1
Weather: B.P., 1002mb, dropping ; wind, 9m/sec; sea, 2-4m,
swell; water temp., 1.2*»C; BT , isothermal.
Depth N2 »2/m Ar
m
° i 12.39 35.66 .3474
4 12.41 35.27 .3519
8 , 12.42 35.53 ? .3496
12 12.12 35.53 .3411
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Station 0800 8 April 1971
Weather: B.P., steady; wind, 9m/sec; sea, same; note, snow.
Depth Ng Ng/Ar Ar
m
0 13.64 37.04 .3683
4 13.40 35.74 .3749
8 13.13 35.42 .3707
12 12.97 36.26 .3577
Station 1100 8 April 1971
Weather: B.P., steady; wind 9m/sec; sea, 3m, swell; water temp., 
1.1°C; BT, isothermal.
Depth N N-/Ar Ar
m
0 13.00 36.46 .3566
4 12.86 35.44 .3629
8 12.81 36.26 .3533
12 12.57 37.05 .3393
Station 1400 8 April 1971
J
Weather: B.P., 995mb,-rising; wind, 13m/sec; sea, 2m; 




0 12.40 35.80 .3464
4 12.30 35.63 .3452
8 11.79 35.18 .3351
12 13.03 36.35 .3585
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Station 1700 8 April 1971
Weather: B.P., 997mb, rising; wind, 16m/sec gusting to 




0 ; 12.40 35.34 .3509
4 12.28 35.03 .3506
8 12.50 35.11 .3560
12 12.60 35.49 .3550
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III. Results of SEDNETH-1 sampling on 20 and 21 May 1971
Weather prior to sampling:
0300: B.P., 1023mb; wind, llm/sec; sea, Im, swell, 2m; air temp., 7.8eC.
0600: B.P., lQ24mb; wind, 9m/sec; sea, Im, swell, .5m; air temp., 6.7°C.
0900: B.P., 1025mb; wind, 10m/sec; sea, Im, no swell; air temp., 6.7°C.
Average temperature 5.5-5,6°C •
Average salinity 31.6°/oo
N ' = 12.81 - 12.78mlN-/kg 2 w
Ar* = 0.3492 - 0.3484mlAr/kg '
Ng'/Ar* - 36.68
Station 1015 20 May 1971
Weather: B.P., 1025mb, slow rise; wind llm/sec; sea, .3m
Wind wave, swell .7m; water temp., 5.0eC; fog.
Depth 
m
r; n2 H2/*r Ar
0 13.12 38.85 .3377
4 13.28 38.76 .3426
8 13.14 38.96 .3373
12 13.29 39.01 .3407
Station 1400 20 May 1971
Weather: B.P., 1026mb, steady; wind, 14m/sec; sea, 0-0.3m
swell Im; air temp., 7.8eC.
Depth a N2 Ng/Ar Ar
m
ri
0 12.87 38.74 .3322
4 12.95 38.78 .3340
8 13.02 39.04 .3335
12 12.82 39.14 .3275
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Station 1800 20 May.1971
Weather: B.P., 1026mb, 
1400 station.




0 12.83 38.39 .3342
4 13.23 39.68 .3334
8 12.87 39.01 .3300
12 13.23 39.31 .3366









0 13.09 38.84 .3370
4 12.91 39.40 .3277
8 12.66 39.27 .3224
12 12.87 39.24 .3280





; sea, 1.3m; air temp.
Depth 
m
" **2 N2/Ar Ar
0 13.01 38.76 .3356
4 13.10 38.76 .3380 - "
8 13.25 39.20 .3380
12 12.99 39.03 .3328
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Station 10Q0 21 May 1971
Weather: B.P., 1021mb 
wind waves ;
, dropping; wind, 
air temp., 7.9°C;





0 13.17 38.76 .3397
4 13.09 38.79 .3374
8 13.06 38.53 .3390
12 13.26 38.84 .3414
Station 1400 21 May 1971
Weather: B.P., 1017ml: 
wind waves;
■fog.
i, dropping; wind, 
air temp., 7.6*C;









12 13.41 39.93 .3359
Station 1800 21 May 1971
Weather: B.P., 1016.5mb, dropping; wind, 12m/sec; sea 




N2 N2/Ar * Ar
0 12.86 38.75 .3318
4 12.89 38.83 .3320
8 13.26 38.72 .3425
12 12.89 38.70 .3331
1
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Station 2200 21 May 1971
Weather: same as station 1800; wind, 12m/sec; air temp.,
7.9°C, water temp., 5.4°C.
Depth N2 N/Ar Ar
m ' ■
0 12.77 38.66 . 3303
4 12.82 39.06 .3282
8 12.96 38.35 .3380
12 12.92 39.40 .3280
